Objective To evaluate the association between early (within 10 d) pRBC transfusion and the development of severe ROP. Study design and Methods This was a single-center retrospective study. Inclusion criteria were preterm infants born ≤32 weeks gestation or weighing ≤1500 g. Severe ROP was defined as infants requiring retinal laser ablation or bevacizumab injection. Logistic regression was used to identify the association between transfusions and severe ROP. Results A total of 1635 infants were included in the final analysis. The severe ROP incidence was 8% (126/1635). Ninetyone percent (115/126) of infants who developed severe ROP received a pRBC transfusion in the first 10 d. Early transfusion was associated with severe ROP; adjusted odds ratio of 3.8 (95% CI: 1.8−8.1). Conclusion pRBC transfusions in the first 10 days of life are associated with an almost four-fold increased risk of severe ROP, independent of gestational age at birth or bronchopulmonary dysplasia (BPD) status.
Introduction
Retinopathy of prematurity (ROP) is a leading cause of childhood blindness in the United States and is increasingly prevalent in the developing world, particularly as the overall mortality associated with prematurity declines [1] . ROP was first described in the 1940s after the use of supplemental oxygen became widespread and within a decade had blinded more than 10,000 infants [2] . Excessive oxygen exposure is unequivocally recognized as a mediator of ROP [3] . However, the mechanism of ROP development is a complex multiphase phenomenon that likely has many contributory factors.
In the late 1970s, several studies began reporting cases of ROP, then known as retrolental fibroplasia (RLF), in infants without excessive oxygen exposure. Early studies showed that infants receiving exchange transfusions or multiple simple transfusions were at higher risk of developing RLF, and recent studies have also suggested a link between blood transfusions and the development of ROP [4] [5] [6] [7] [8] [9] . However, many of these studies are limited by small sample size, lack of detail regarding timing of transfusions or failure to stratify by severity of retinopathy. Controlling for the clinical illness of infants is complex and many of the patients receiving transfusions were already considered high-risk for development of ROP. In addition, early-stage ROP has a high chance of spontaneous regression [10] . Thus, it is important to use a clinically relevant outcome such as ROP that is severe enough to warrant therapeutic intervention.
The objective of our study was to investigate the link between transfusion timing and the development of severe ROP (defined as intervention by either laser ablative surgery or bevacizumab) while controlling for illness severity with regression modeling.
Methods

Patient selection
The inclusion criteria for this retrospective cohort were all infants admitted to our level IV NICU (St. Louis Children's Hospital) born ≤32 weeks completed gestational age (EGA) or weighing ≤1500 g at birth from 2008-2015. We characterized infants as either inborn, immediately transferred (transferred <24 h after birth) or as outborn (transferred >24 h of life). Outborn infants were included in the study if they had appropriate documentation of transfusion status and our collected outcome data. Infants with incomplete records from referring hospitals were excluded in the final analysis.
Patient characteristics (EGA, birth weight, sex, race, antenatal steroid status, mode of delivery, Apgar scores), clinical data (chorioamnionitis, culture positive sepsis, necrotizing enterocolitis, inotrope use, postnatal steroid use) and outcomes (bronchopulmonary dysplasia (BPD), highest stage of ROP, laser therapy and/or bevacizumab for ROP) were collected. BPD was defined as need for supplemental oxygen at 36 weeks post-menstrual age [11] . Chorioamnionitis diagnosis was based on histologic examination of the placenta. NEC was defined as Bell Stage 2a or greater [12] . This project was approved as per 45 CFR 46.111 by the Human Research Protection Office at Washington University in St Louis.
Transfusion data
The timing and number of pRBC transfusions were extracted from the blood bank database and verified with physician or nursing documentation in the patients' chart by a single investigator (CL). For patients who were transferred to the NICU later in their course, their transfusion records were extracted from the referral center paper chart. We anticipated a large amount of transfusion data. As such, prior to collection of the full dataset, we investigated a cohort (n = 222) of premature infants <28 weeks who were recruited into an independent cerebral monitoring observational study. The median age of transfusion in this subset was 10 days of life. We therefore used the DOL#10 as an a priori cut-off to define early versus late transfusion. We defined "early transfusions" as those occurring in the first 10 days of life. All transfusions beyond DOL#10 were considered "late transfusions". Infants receiving any number of early transfusions were labeled "Early Transfused." Infants that did not receive early transfusions but did receive late transfusions were labeled "Late Transfused." Infants that received no transfusions at any time were combined with Late Transfused infants to serve as a "Control" group for univariate analysis to assist with identifying covariates to control for in the final logistic regression model. All infants in our initial subset were included in the final cohort.
All transfusions were performed at the discretion of the clinical team. Our institutional guidelines recommend a transfusion for a hemoglobin ≤10 g/dL in critically ill infants and ≤8 g/dL in stable but symptomatic infants. Transfusions were generally 15 ml/kg of cytomegalovirus (CMV) negative, irradiated and leukoreduced packed red blood cells. Whenever possible the same donor was used if patients require multiple transfusions. During the study period, erythropoietin use was not widely used and 2-3 mg/ kg of oral iron supplementation was initiated at 21-28 days of life.
Retinopathy of prematurity
Severe ROP was defined as ROP that required laser ablative surgery and/or treatment with bevacizumab. Infants at our institution underwent standardized screening beginning in the fourth postnatal week or 31 weeks post-menstrual age, whichever is later, if they had an estimated gestational age of less than 30 completed weeks or weighed less than 1500 g at birth. Infants greater than 30 weeks but less than 32 completed weeks were screened at the fourth postnatal week if they were deemed to have a concerning course by the care team, generally characterized by significant exposure to high oxygen concentrations [13] . Infants received treatment for ROP if they had threshold disease (Stage 3 ROP and plus disease in zone I or II) or high-risk pre-threshold disease (any stage ROP with plus disease in zone I, Stage 3 with or without plus disease in zone I, or stage 2 or 3 with plus disease in zone II) as determined by the attending ophthalmologist caring for the patient [13, 14] .
Statistical analysis
Univariate analysis between infants with and without severe ROP were performed using the Mann-Whitney U-test for continuous variables and a two-sided Pearson Chi-square for categorical variables. This analysis was also performed between the Early Transfusion group and those infants who were not transfused in the first 10 days of life.
Binary logistic regression was used to assess the association between transfusions and severe ROP and to adjust for the differences between patients who received early transfusions and those that did not. Important covariates used in the final model included known risk factors for ROP (EGA, birth weight, BPD) as well as illness severity characteristics that correlated with ROP on univariate analysis and increased the predictive power of the model containing only EGA, birth weight and BPD (postnatal steroid use, inotrope need, chorioamnionitis, PDA ligation). Early Transfusion, number of transfusions, and Late Transfusion were assessed with binary logistic regression using the aforementioned covariates entered in block in a single step. Collinearity was evaluated by assessing the variance inflation factor (VIF). Only variables with VIF <3 were included in the regression analysis to avoid multicollinearity. Posthoc sensitivity analysis was performed by replacing other day of life thresholds in the regression model and assessing odds ratio, confidence interval, and Nagelkerke R 2 . Statistical analysis was performed using IBM SPSS Statistics Version 24.0 (IBM Corporation, Armonk, NY).
Results
Patient characteristics
A total of 1896 infants that met inclusion criteria were identified and 4464 packed red blood cell transfusions (pRBC) were given. In the overall cohort, 31% (1405/ 4464) occurred in the first 10 days of life, meeting the a priori definition of "early transfusion", followed by a sharp drop off in transfusion rate over the following days ( Fig. 1) . Only the 1636 infants with complete charts, including clinical outcomes and transfusion histories were included in the final analysis (Fig. 2) . Of the included patients; 1238 were inborn, 376 were outborn but immediately transferred after birth, and 22 were later transfers but had complete records available. The sample characteristics are described in Table 1 . The mean (SD) gestational age was 28 (2.8) weeks; birthweight was 1172 (435) grams; and severe ROP incidence was 8% (126/1656).
Statistical analysis
The results of univariate analysis are summarized in Tables 2 and 3 . Comparing early transfused and control infants: infants who received early transfusions were of younger gestational age and birthweight and were more likely to be African-American males with higher rates of chorioamnionitis, postnatal steroid use, inotrope use, NEC, BPD, and severe ROP. Infants who developed severe ROP were also more likely to have a lower gestational age and birth weight as well as more postnatal steroid use, inotrope use, chorioamnionitis, PDA ligations, and BPD. They also had a higher rate of early transfusion and increased number of transfusions. There was a statistical but clinically insignificant difference in initial hemoglobin (14.3 vs 13.0 g/dL, p < 0.001). , n (%) 111 [7] BPD c , n (%) 512 [31] Postnatal steroids, n (%) 220 [13] Culture positive sepsis, n (%) 127 [8] Died prior to discharge, n (%) 221 [13] Early Transfusion, n (%) One hundred fifteen out of 602 Early Transfused infants developed severe ROP compared to 11 out of 1034 remaining infants (odds ratio 22.0, 95% CI: 11.7-41.1, p < 0.001). To adjust for clinical illness, a binary regression model (R-squared = .419, p < 0.001) was created which included known risk factors for ROP and clinical factors of illness severity (EGA, BPD, birth weight, postnatal steroid use, inotrope need, chorioamnionitis, PDA ligation) that were closely linked to severe ROP. Apgar at 5 min and culture positive sepsis were also correlated with severe ROP with p-values < 0.001 but they did not increase the R-squared when added to the regression model and were not included in the final model. Tables 4, 5 and 6 describe regression models for Early Transfusion, Late transfusion and total number of transfusions while maintaining the same covariates. The adjusted odds ratio for Early Transfusion was 3.84 (95% CI: 1.819-8.121). The total number of transfusions was also associated with severe ROP when using the same regression model (R-squared = .415, p < 0.001) with an adjusted odds ratio of 1.09 per transfusion (95%CI: 1.041-1.148). Late Transfusion (R-squared = 0.404, p < 0.001) was not associated with the development of severe ROP (adjusted odds ratio 0.539 95%CI: 0.244-1.187). Sensitivity analysis is displayed in Table 7 . The day of life 10 threshold improved the overall fit of the model with the highest R-squared of 0.419.
Discussion
In this large retrospective cohort, early pRBC transfusions were strongly correlated with the development of severe Based on histologic examination of placenta Based on histologic examination of placenta Blood transfusions have been implicated with ROP but studies have been limited by the difficulty of studying the timing and number of transfusions in large numbers of infants, and the difficulty in defining clinically significant ROP. ROP of at least stage 1 is common during a preterm infant's course and even higher stage ROP will often regress spontaneously. In addition, not all stage 3 ROP will require treatment as the extent of disease, velocity of progression and presence of plus disease will impact treatment decisions [10, 14] . This makes the correlation to any-stage specific ROP difficult to interpret. Hence, a functional definition of severe ROP is useful. Slidsborg et al. used a large retrospective cohort of Danish national birth registries to demonstrate a strong link between transfusion and need for treatment of ROP [9] . This study was limited by inclusion of infants born prior to 2008 and limited investigation into the timing or number of transfusions. Similarly, Akkoyun et al. did find that the volume of blood transfusions received was linked to the severity of ROP but only performed limited regression analysis and did not investigate the timing of transfusions [15] . Dani et al. demonstrated that transfusion in the first 7 days and at 2 months were independently linked to ROP but no patients in their study had severe enough ROP to warrant treatment or developed blindness [16] . We built upon these prior studies by evaluating the effect of early versus late transfusions in a modern cohort, using a pragmatic clinical definition of severe ROP and controlling for clinical illness severity. In addition, being at a single center had the advantage of having the same ophthalmologists conducting ROP screens with a consistent approach to treatment thresholds for ROP.
Prospective trials assessing transfusions and ROP have shown results conflicting with retrospective analysis. A prospective trial comparing a strict transfusion protocol to a more liberalized protocol failed to show a difference in the severity of ROP among the study groups. This study was performed after day of life 29 and may have missed the window of ROP vulnerability [17] . Two other randomized trials comparing high and low hematocrit targets failed to show a difference in ROP [18, 19] . These trials had significant number of protocol violations leading to a loss of differential transfusion exposure, underscoring the difficulty in conducting randomized trials to assess the association of early, potentially life-saving interventions and long-term negative outcomes. In addition, these studies were powered to detect differences in a composite outcome or simply transfusion number. Often it requires large-observational studies to identify a link between an exposure and a distant outcome.
In the premature retina, vessel growth that would occur in utero slows or ceases after birth and exposure to the relatively hyperoxic environment. As the infant matures and retinal metabolism increases, the local tissue hypoxia leads to abnormal vessel growth and the development of retinopathy [1] . We hypothesize that the association between transfusions and ROP could be related in part to the rapid increase in adult hemoglobin (HbA) following a 15 ml/kg pRBC transfusion resulting in a shift of the oxygen disassociation curve to the right and increased retinal tissue oxygen delivery at a time when it is susceptible to hyperoxia. In fact, a study by Stutchfield et al. lends credence to this hypothesis by showing that infants with lower percent of fetal hemoglobin (HbF) were more prone to development of higher stage ROP [20] . There is also evidence to suggest that early transfusions in preterm infants drastically changes the HbF percentage and shifts the hemoglobin oxygen dissociation curve to the right [21] . In our study, Late Transfused infants were not at higher risk of severe ROP, which is consistent with the biphasic nature of the disease and the physiologic increase in HbA. Limiting early transfusions may be possible by instituting delayed cord clamping, conscientiously limiting phlebotomy and adopting restrictive early transfusion guidelines [22, 23] . While we chose to highlight 10 days of life as a cut-off and it had the biggest impact on retinopathy in our cohort, being transfused at any time was associated with an increased risk of severe ROP and the exact window of highest risk has yet to be identified.
This study benefited from a large sample size, and with nearly all of the infants treated in one institution, we benefited from a consistent clinical practice model and screening and treatment program for ROP. While transfusions are most often used to improve hemoglobin/hematocrit and oxygen carrying capacity in a critically sick neonate, an additional consideration is that transfusions are sometimes used as means of volume expansion. However, several studies suggest that in the critically ill neonate, the extent of hypovolemia may be overestimated and that pRBC transfusions do not have benefit over other strategies to maintain perfusion [24] [25] [26] [27] [28] . In order to limit the transfusion exposure when premature infants are most at risk, a 
Limitations
One of the limitations is the retrospective nature of our study, making it possible that the transfusions themselves are not risk factors for ROP, but merely indicators of some other unstudied phenomenon. We attempted to correct for this by collecting numerous indicators of clinical illness and other outcome data. The patients that received early transfusions were indeed sicker and younger overall. However, the sample size allows reliable regression modeling to control for the level of illness severity. Unfortunately, our study design did not allow for accurately capturing supplemental oxygen administration or FiO2 measurements in sufficient detail to address in our analysis. In fact, even accurately deducing the number and timing of ventilator days is nearly impossible with such a large retrospective cohort. To overcome this limitation, we used BPD diagnosis as a proxy for oxygen exposure and severity of lung disease. This study spanned 8 years of patient care, and there may have been variations in clinical practice. However, our transfusion practice guidelines and rate of severe ROP have remained consistent over the course of this study. We were also unable to address the indications for transfusion or the immediate pre and post-transfusion hematocrit. Future studies will be needed to investigate if the anemia itself accounts for or potentiates the effect of transfusions as has been suggested in NEC [29] . Future studies should also consider the elapsed time between collection and transfusion of the red cells. Although there is some evidence to suggest that older blood is associated with worse outcomes, generally neonates are transfused with fresher blood from as few donors as possible [30, 31] .
It is important to note that our cohort consists of infants born before we adopted universal delayed cord clamping for infants born <32 weeks EGA. It is possible that the emergence of delayed cord clamping will lead to higher initial HbF percent and less early transfusions overall or attenuate the effect of transfusions, thus decreasing the risk of severe ROP. Decreasing the use of early pRBC transfusions may potentially decrease the development of severe ROP.
Conclusions
Packed red blood cell transfusions in the first 10 days of life are associated with an almost four-fold increased risk of severe ROP. This relationship holds true even when correcting for gestational age, lung disease, and clinical illness. Each individual transfusion increased the risk of severe ROP by 9% but later transfusions did not carry the same risk. Future studies are warranted to evaluate the impact of delayed cord clamping and restrictive transfusion policies on rates of ROP.
